During development and growth, dynamic signals need to be translated into spatially precise and temporally stable gene expression states, which define cell fate. In the context of the apical plant stem cell system, local accumulation of the small, highly mobile phytohormone auxin triggers organ initiation. Here, we show that the WUSCHEL transcription factor locally protects stem cells from differentiation by controlling the auxin signaling and response pathway via regulation of histone acetylation. Conversely, low levels of signaling are required for stem cell maintenance, demonstrating that WUSCHEL acts as a rheostat on the auxin pathway. Our results reveal an important mechanism that allows cells to differentially translate a potent and highly mobile developmental signal into appropriate cell behavior with high spatial precision and temporal robustness. 
Abstract
During development and growth, dynamic signals need to be translated into spatially precise and temporally stable gene expression states, which define cell fate. In the context of the apical plant stem cell system, local accumulation of the small, highly mobile phytohormone auxin triggers organ initiation. Here, we show that the WUSCHEL transcription factor locally protects stem cells from differentiation by controlling the auxin signaling and response pathway via regulation of histone acetylation. Conversely, low levels of signaling are required for stem cell maintenance, demonstrating that WUSCHEL acts as a rheostat on the auxin pathway. Our results reveal an important mechanism that allows cells to differentially translate a potent and highly mobile developmental signal into appropriate cell behavior with high spatial precision and temporal robustness.
Main Text
The shoot apical meristem (SAM) is a highly dynamic and continuously active stem cell system responsible for the generation of all above ground tissues of plants.
The stem cells are located in the central zone and are maintained by a feedback loop consisting of the stem cell promoting WUSCHEL (WUS) homeodomain transcription factor and the restrictive CLAVATA (CLV) pathway 1, 2 . WUS protein is produced by a group of niche cells, called organizing center, and moves to stem cells via plasmodesmata 3, 4 . Stem cells are surrounded by transient amplifying cells, which are competent to undergo differentiation in response to auxin, a small, mobile signaling molecule with diverse and context specific roles in plant development and physiology (reviewed in ref. 5 ). Auxin sensing is dependent on nuclear receptors, whose activation triggers the proteolytic degradation of AUX/IAA proteins, such as BODENLOS (BDL), which inhibit the function of activating AUXIN RESPONSE FACTOR (ARF) transcription factors [6] [7] [8] . Intracellular accumulation of auxin is regulated by active polar transport and in the context of the SAM, the export carrier PINFORMED1 (PIN1) determines the sites of lateral organ initiation and thus differentiation 9, 10 . Here we ask how long-term stem cell fate is robustly maintained within such a highly dynamic signaling system geared towards differentiation.
Results

Role of auxin signaling for apical stem cell fate
As a first step, we mapped auxin signaling behavior using the genetically encoded markers R2D2 and DR5v2 (ref. 11) . R2D2 is based on fusing the auxindependent degradation domain II of an Aux/IAA protein to Venus fluorescent protein, and uses a mutated, non-degradable domain II linked to tdTomato as an internal control 11 . Hence, R2D2 signal is dictated by the levels of auxin as well as the endogenous receptors and represents a proxy for the auxin signaling input for every cell. Computational analysis of the green to red ratio in plants carrying R2D2 demonstrated that auxin is present and sensed fairly uniformly across the SAM including the central stem cell domain, with local minima only detected at organ boundaries (Fig. 1a, b and refs. 12,13). In contrast, DR5v2, a reporter for auxin signaling output based on a synthetic promoter containing repeats of ARF DNA binding sites 11 , was strongly activated non-uniformly in wedge shaped zones of differentiation competent cells, but only weakly expressed the center of the SAM ( Fig. 1d ; and ref.
12). Leveraging the sensitivity of DR5v2 and the expression of the CLV3 stem cell marker in the same transgenic line, we observed that the auxin response minimum invariantly coincided with a small group of cells in the stem cell domain (Fig. 1c-f ).
To test if the auxin output minimum is functionally connected to stem cell identity, we interfered with their maintenance. To this end, we induced symplastic isolation through callose deposition at plasmodesmata of stem cells, which we had shown earlier to induce their differentiation 4, 14 . Following auxin signaling output over time, we observed activation of DR5v2 in the central zone domain after 36 hours of callose synthase (iCalSm) expression and cell expansion, a hallmark of plant cell differentiation, after 72 hours ( Fig. 2a-e ; Extended Fig. 1-3 ; Extended Table 1 ). Thus, stem cell fate and the auxin response minimum appeared to be functionally connected, leading us to hypothesize that manipulation of auxin signaling in the central zone should affect stem cell behavior. To test this directly we designed a transgene, which allowed us to suppress auxin signaling output specifically in stem cells by fusing the dominant auxin signaling output inhibitor BDL-D with the glucocorticoid receptor tag.
The activity of the resulting fusion protein could be induced by dexamethasone (DEX) treatment, which facilitated the translocation of BDL-D-GR into the nucleus 15 . In line with our expectations, we found that inducing pCLV3:BDL-D-GR led to an expansion of the DR5v2 minimum in the center of the SAM (Fig. 2 f, g) . Surprisingly, long term induction of BDL-D-GR or stem cell specific expression of BDL-D caused meristem termination in half of the seedlings (n=90; Fig. 2 5 ), suggesting that the resistance to auxin occurs, at least in part, downstream of ARF activity. Taken together, these experiments suggested that auxin signaling is locally gated to permit a low instructive output level, while at the same time protecting stem cells from the differentiation inducing effects of the phytohormone at high signaling levels.
WUSCHEL controls auxin signaling output in stem cells
Since suppressing auxin signaling output in stem cell caused SAM arrest and a phenotype highly similar to wus mutants (Fig. 2 k, l) , we tested the contribution of WUS to controlling auxin responses in diverse genetic backgrounds. Since the WUS expression domain is massively enlarged in clv mutants 1, 2 , which causes stem cell over-proliferation phenotypes, SAMs from these plants provide an ideal background to elucidate the functional connection of WUS and auxin. Therefore, we analyzed auxin output in clv3 meristems and found the DR5v2 minimum expanded in line with the overaccumulation of WUS, however some weak signal remained throughout the SAM (Fig. 3a, b) . To test whether auxin signaling is required for stem cell over-proliferation in clv3 mutants, we locally blocked auxin output by our pCLV3:BDL-D transgene and observed stem cell termination phenotypes in almost all seedlings (n=30; Fig. 3c ). This result suggested that also in fasciated SAMs of clv3 mutants, ectopic WUS is sufficient to reduce auxin signaling, while at the same time permitting basal output levels. To test the short term effect of enhancing WUS levels without the indirect effects of the clv3 phenotype, we created plants that carry a pUBI10:mCherry-GR-linker-WUS (WUS-GR) transgene which allowed for experimental induction of ubiquitous WUS activity (Extended Fig. 6 ). After 24 h of DEX treatment the central auxin signaling minimum as well as the CLV3 domain expanded (Extended Fig. 7 ), suggesting that WUS is indeed sufficient to reduce signaling output in the center of the SAM, but is unable to override active auxin responses at the periphery. To test whether WUS is also required to protect stem cells from high signaling levels, which lead to differentiation, we developed a genetic system that allowed us to inducibly remove WUS protein from stem cells. To this end, we adapted deGradFP technology 18 and combined switchable stem cell specific expression of an anti-GFP nanobody with a pWUS:WUS-linker-GFP wus rescue line 4 . After 24h of induction of nanobody expression, WUS-linker-GFP signal was substantially reduced in stem cells of the epidermis and subepidermis (Extended Fig. 8 ), while at the same time DR5v2 expression had spread into the center of the SAM (8/9 vs. 0/12 in control plants; Fig.   3 d, e). We made similar observations in plants carrying the weak wus-7 allele, which are able to maintain a functional SAM for some time and only terminate stochastically.
In these lines, DR5v2 activity fluctuated substantially and was frequently observed in the central zone (Extended Fig. 9 ). Taken together, these results demonstrated that WUS is required for stably maintaining stem cells in a state of low auxin signaling.
Mechanisms of auxin pathway gating
To address how WUS is able to gate the output of the auxin pathway, we went on to define direct target genes combining new ChIP-seq and RNA-seq experiments using seedlings of our WUS-GR line. Interestingly, WUS binding was almost exclusively found in regions of open chromatin 19 and among the WUS targets ( Supplementary File 1 and refs. 20,21) we found the gene ontology term "response to auxin" to be most highly enriched within the developmental category (Extended Table   2 ). Importantly, WUS appeared to control auxin signaling output at all relevant levels, since it was able to bind to the promoters or regulate the expression of a large number of genes involved in auxin biosynthesis, transport, auxin perception, auxin signal transduction, as well as auxin response, which occurs downstream of ARF transcription factors ( Fig. 4b, c; Extended Fig. 10, 11 ), demonstrating that WUS is indeed required for MP repression in stem cells. Conversely, ectopic activation of WUS revealed that it is also sufficient to reduce, but not shut down MP and TIR1 transcription even in the periphery of the SAM (Fig. 4 d-e, Extended Fig. 7 ).
To elucidate the molecular mechanisms responsible for the observed regulatory gating, we asked whether chromatin structure may be changed in in response to WUS. (Fig. 4i) . Taken together, these results showed that WUS binds to and reduces transcription of the majority of genes involved in auxin signaling and response via de-acetylation of histones and thus is able to maintain pathway activity in stem cells at a basal level.
Pathway wide gating provides robustness to apical stem cell fate
We next wondered what the functional relevance of the observed pathway wide regulatory interaction might be. Therefore, we tested the capacity of WUS targets with auxin signaling or response functions to interfere with stem cell activity. Based on their highly localized expression at the periphery of the SAM 12 Since we had found that stem cell specific expression of individual auxin signaling components was not sufficient to interfere with stem cell fate, we wanted to test whether reducing WUS function would sensitize stem cells to activation of the entire pathway. To this end, we grew plants segregating for wus-7 on plates supplemented with auxin. Eleven days after germination, we observed twice as many terminated wus-7 mutant seedlings than on control plates, whereas wild-type seedlings were unaffected (Fig. 3f, Extended Fig. 12 ). Thus, reducing WUS function allowed activation of auxin responses under conditions that were tolerated in wild type. Taken together, the activation of individual pathway components was insufficient to override the protective effect of WUS, however removing the master regulator itself rendered stem cells vulnerable to even mild perturbations in auxin signaling.
Discussion
In conclusion, our results show that WUS restricts auxin signaling in apical stem cells by pathway-wide transcriptional control, while at the same time allowing instructive low levels of signaling output. This rheostatic activity may be based on selective transcriptional repression/activation of a subset of signaling and response components that render the pathway unresponsive to high input levels. Alternatively, WUS may be able to reduce expression of targets rather than to shut off their activity completely, leaving sufficient capacity for low level signaling only. In support of the latter hypothesis, we demonstrate that WUS acts via de-acetylation of histones and that interfering with HDAC activity triggers auxin responses in stem cells. However, there is evidence supporting both scenarios [20] [21] [22] [23] and likely both mechanisms work hand in hand dependent on the regulatory environment of the individual cell. Thus, a definitive answer will require inducible WUS loss of function approaches in stem cells coupled with time-resolved whole genome transcript profiling at the single cell level.
Importantly, in addition to its effects on auxin signaling, WUS enhances cytokinin responses via the repression of negative feedback regulators 24 . Whereas this interaction can be overridden by expression of dominant cytokinin signaling components 24 , stem cells remain unresponsive to elements of the auxin pathway. This argues that the regulation of the auxin pathway might be of higher significance than the interaction with cytokinin, which may primarily serve to sustain WUS expression 31,32 . Auxin and cytokinin signaling are directly coupled 17 and balancing their outputs is key to maintaining functional plant stem cell niches 17, 33 . Given the dynamic and self-organizing nature of the auxin system 34 , the independent spatial input provided by WUS appears to be required to bar differentiation competence from the center of the SAM, while at the same time still allowing to sense this important signal.
In light of the recent findings that PIN1 mediated auxin flux in the SAM is directed towards the center 35 , it is tempting to speculate that auxin may serve as a positional signal not only for organ initiation, but also for stem cells. Extended Tables 1-5 induced For WUS-induction with TSA treatments, seedlings were submerged in DEX (10 µM) or TSA (1 µM) solution or both, slowly shaken for 2 h, and then harvested for RNAseq.
METHODS
Plant material and treatments
All plants were of Col-0 accession apart from wus-7, which was in Ler background. For experiments involving wus-7, Ler plants were used as controls.
Transgenes
The R2D2 and pDR5v2:3xVENUS-NLS lines have been described in ref. Table 5 ).
Microscopy
Confocal microscopy was carried out on a Nikon A1 Confocal with a CFI Apo LWD 25× water immersion objective (Nikon Instruments) as described 4 . 1 mg/ml DAPI was used for cell wall staining.
Image analysis
Quantitative image analysis was done on isotropic image stacks using Fiji (v1.50b) 41 To determine the center of an inflorescence meristem, 10 to 20 L1 cells located at the meristem summit were segmented using the carving workflow in ilastik. A sphere was fitted through the centroids of these cells using the least squared distances method.
The sphere was superimposed on the original DAPI stained image volume to help identifying the newly emerging flower primordia. Three points marking the center of three young flower primordia were manually picked close to the sphere surface, projected onto the sphere and then used as seeds to perform a spheric voronoi tessellation (https://de.mathworks.com/matlabcentral/fileexchange/40989-voronoisphere). The point Pcenter is equidistant to the three seed points and serves as a good approximation for the meristem center which is marked by the pCLV3 stem cell
reporter. The method was tested using image stacks of nine meristems containing cell walls stained by DAPI in one channel and the stem cell marker pCLV3::mCherry-NLS in the second channel. The computationally estimated meristem center and the one determined by pCLV3:mCherry-NLS expression in every case were in the range of one cell diameter. Further details and workflows are available on request.
In situ hybridization
In-situ hybridizations were carried out as described 45 .
ChIP-seq and RNA-seq
All experiments were carried out on 5 day old seedlings grown on 0.5 MS plates after 2 hours of either Dex or mock treatment. ChIP assays were performed from 3g of fresh weight each as described in ref. 46 using RFP-Trap single chain antibodies (Chromotek). Enrichment of specific DNA fragments was validated by qPCR at the ARR7 promoter region 24 . Two independent libraries were generated for the WUS-GR and control ChIP each using pooled DNA from 6 to 9 individual ChIP preparations.
RNA-seq was carried out in biological triplicates. After careful benchmarking of our WUS-GR line, we find it to be the most potent and consistent tool for WUS induction to date, affording a much higher sensitivity for identifying transcriptional targets. In addition, the use of RFP-trap increased sensitivity of the ChIP assay. Consistently, we were able to identify 5874 genomic regions bound by WUS in both ChIP-seq experiments at p< 0.05, which corresponded to 4515 genes. This compared to 136 regions we had previously identified by ChIP-chip 20 , highlighting the increase in power.
Previously identified direct targets, such as ARR7, CLV1, KAN1, KAN2 AS2 and YAB3 20, 21, 24 were also picked up in our analysis. Because of the medium level ubiquitous expression of WUS, both RNA-seq and ChIP-seq capture the global regulatory potential of WUS. Since regulatory output of WUS is dependent on tissue context, targets identified here might not be relevant for all tissues. In addition, targets might be induced by WUS in one tissue and repressed in another, which cannot be resolved by this dataset. All genomic datasets are available under GEO accession: GSE97065
